The objectives of this study were to evaluate the efficacy of a system for classifying beef for tenderness based on a rapid, simple method of measuring cooked longissimus shear force. Longissimus steaks (2.54 cm thick) were trimmed free of s.c. fat and bone and rapidly cooked using a belt grill. A 1-cm-thick, 5-cm-long slice was removed from the cooked longissimus parallel with the muscle fibers for measurement of shear force. Slices were sheared with a flat, blunt-end blade using an electronic testing machine. The entire process was completed in less than 10 min. Therefore, in commercial application, this process could be completed during the 10-to 15-min period that carcasses are normally held to allow the ribeye to bloom for quality grading. In Exp. 1, the repeatability of slice shear force (SSF), as determined by evaluation of duplicate samples from 204 A-maturity carcasses, was .89. In Exp. 2, Amaturity carcasses ( n = 483) were classified into three groups based on SSF (< 23, 23 to 40, and > 40 kg) at 3 d postmortem that differed ( P < .001) in mean trained sensory panel tenderness ratings (7.3 ± .04, 6.4 ± .06, and 4.4 ± .20) and the percentages (100, 91, and 28%) of samples rated "Slightly Tender" or higher at 14 d postmortem. Therefore, this tenderness classification system could be used to accurately segregate beef carcasses into expected tenderness groups. Further research is needed to test the feasibility and accuracy of this system under a variety of commercial processing conditions.
Introduction
The final report of the 1995 National Beef Quality Audit listed low overall uniformity and consistency of beef, low overall palatability, and inadequate tenderness among the top 10 concerns of the beef industry (Smith et al., 1995) . Thus, there is growing interest in implementing steps to control variation in beef palatability. This led the National Cattlemen's Association to list "development of an instrument or procedure that can adequately measure quality, cutability and tenderness in beef carcasses in modern packing plants" as a top priority of the beef industry (NCA, 1995) .
We have shown that beef longissimus Warner-Bratzler shear force measured at the time of carcass grading ( 1 to 2 d postmortem) is a valid predictor of beef longissimus Warner-Bratzler shear force at 14 d postmortem. Herein we outline a system for measuring beef longissimus tenderness under commercial processing conditions using a simplified method of shear force determination. The present experiments were designed to evaluate the potential efficacy of this system.
Materials and Methods

Experiment 1: Repeatability of Slice Shear Force
Two adjacent longissimus steaks (2.54 cm thick) were acquired from beef carcasses ( n = 204) at a commercial packing plant. Samples were transported to the U.S. Meat Animal Research Center ( MARC) and evaluated at either 2 ( n = 74) or 3 ( n = 130) d postmortem. Steaks were rapidly cooked with a belt grill MagiKitch'n, Quakertown, PA) . With the belt grill (Wheeler et al., 1998a) operating at its highest temperature setting (260°C), approximately 7.33 min of total cooking time was required to cook each steak from an internal temperature of 5°C to a final internal temperature of 70°C. Total cooking time included the time required for the steak to enter the grill ( 1 min), to pass between the platens (4.33 min), and to exit the grill (.42 min), and time for temperature rise after cooking (1.58 min). Specific belt grill settings were as follows: preheat = disconnected, top heat = 260°C, bottom heat = 260°C, height (i.e., gap between platens) = 2.16 cm, and cook time = 4.33 min.
Immediately after cooking, a 1-cm-thick, 5-cm-long slice was removed from each steak parallel to the muscle fibers. The slice was acquired by first cutting across the width of the longissimus at a point approximately 2 cm from the lateral end of the muscle. Using a sample sizer, a cut was made across the longissimus parallel to the first cut at a distance 5 cm from the first cut. Using a knife that consisted of two parallel blades spaced 1 cm apart, two parallel cuts were simultaneously made through the length of the 5-cm-long steak portion at a 45°angle to the long axis of the longissimus and parallel with the muscle fibers.
The 5-cm-long, 1-cm-thick slice was sheared perpendicular to the muscle fibers using an electronic testing machine equipped with a flat, blunt-end blade. The slice shear force blade was designed to replace the Warner-Bratzler shear blade on a universal testing machine (Instron Corp., Canton, MA). The slice shear force blade has the same thickness (1.016 mm) and degree of bevel (half-round) on the shearing edge as Warner-Bratzler shear blades. The crosshead speed was set at 500 mm/min to minimize the time required for measurement of shear force.
Repeatability of slice shear force was calculated as the proportion of the total variance that could be attributed to animal variance: repeatability = s 2 animal / ( s 2 animal + s 2 error ) . Variance components were estimated with the MIVQUEO option of the VARCOMP procedure of SAS (1988).
Experiment 2: Evaluation of the Tenderness Classification System
Animals. A-maturity beef carcasses ( n = 483) were selected for this experiment at a commercial packing plant. At 36 h postmortem, carcasses were ribbed between the 12th and 13th ribs and USDA quality and yield grade traits were evaluated (USDA, 1997). The wholesale rib was obtained from the right side of each carcass, placed in a plastic-lined cardboard container (combo bin), and transported ( 2°C ) to MARC.
Assignment of Steaks.
At 3 d postmortem, the ribeye roll (IMPS #112) containing the longissimus thoracis was removed from each wholesale rib. A 12.7-cm-long section was removed from the posterior end of the ribeye roll, vacuum-packaged, aged ( 2°C) until 14 d postmortem, and frozen ( −30°C). The remainder of the ribeye roll was vacuum-packaged and immediately frozen ( −30°C).
Using a band saw, each frozen ribeye roll section was sliced to yield four steaks (2.54 cm thick). Beginning at the posterior end of the ribeye roll, steaks were numbered 1 through 8; steaks 1 through 4 came from the section that was frozen at 14 d postmortem and steaks 5 through 8 came from the section that was frozen at 3 d postmortem. Steak 1 was used for assessment of Warner-Bratzler shear force at 14 d postmortem, steaks 3 and 4 were used for trained sensory panel evaluation at 14 d postmortem, steak 5 was used for tenderness classification at 3 d postmortem based on slice shear force, steak 7 was used for assessment of Warner-Bratzler shear force at 3 d postmortem, and steaks 2, 6, and 8 were not used in this experiment.
Tenderness Classification. Steaks were thawed (24 h at 5°C ) until an internal temperature of 5°C was reached. Steaks were cooked and slice shear force testing was conducted as in Exp. 1. A sample was classified as "Tender," "Intermediate," or "Tough" if its slice shear force value at 3 d postmortem was less than 23 kg, 23 to 40 kg, or greater than 40 kg, respectively.
Warner-Bratzler Shear Force. Steaks were thawed and cooked as above except that the temperature of the belt grill was decreased and total cooking time was increased to prevent excessive crust formation (top heat = 163°C, bottom heat = 163°C, cook time = 5.7 min). Cooked steaks were placed in plastic bags and cooled for 24 h at 4°C before removal of six cores (1.27 cm in diameter) parallel to the longitudinal orientation of the muscle fibers. Each chilled ( 4°C ) core was sheared once with a Warner-Bratzler shear force attachment using an Instron Universal Testing Machine (Instron Corp.). The crosshead speed was set at 200 mm/min to conform to standard WarnerBratzler shear force procedures (AMSA, 1995; Wheeler et al., 1997a,b) . With the protocol used in this experiment, Warner-Bratzler shear force is measured with a repeatability of .85 (Wheeler et al., 1998a) .
Trained Sensory Panel Analysis. For descriptive attribute sensory panel analysis, steaks were thawed and cooked as described for Warner-Bratzler shear force. Steaks were sliced and served immediately after cooking. Each panelist received three cubes (1.3 cm × 1.3 cm × cooked steak thickness) from each sample. Sensory panelists scored steaks for tenderness, ease of fragmentation, amount of connective tissue, juiciness, and beef flavor intensity on 8-point scales ( 1 = extremely tough, extremely difficult, abundant, extremely dry, or extremely bland and 8 = extremely tender, extremely easy, none, extremely juicy, or extremely intense). Sensory panelists scored steaks for off-flavor on a 4-point scale ( 1 = intense and 4 = none). The eight-member sensory panel was selected and trained according to Cross et al. (1978) . With the protocol used in this experiment, the eight-member sensory panel has been reported (Wheeler et al., 1998a) (Box and Cox, 1964) were conducted for each trait and ANOVA was conducted. Results of analyzing transformed data did not differ from results of analyzing untransformed data. Therefore, results of analyzing untransformed data are presented.
Correlation and frequency analyses were conducted to more fully determine the efficacy of tenderness classification. The overall accuracy of tenderness classification was evaluated for both Warner-Bratzler shear force values and trained sensory panel tenderness ratings at 14 d postmortem. To calculate the overall accuracy of tenderness classification for predicting Warner-Bratzler shear force at 14 d postmortem, carcasses that were classified as "Tender" or "Intermediate" at 3 d postmortem and that had "Low" ( ≤ 5 kg) Warner-Bratzler shear force values at 14 d postmortem were considered accurately classified. Also, carcasses that were classified as "Tough" at 3 d postmortem and that had "High" (> 5 kg) WarnerBratzler shear force values at 14 d postmortem were considered accurately classified. To calculate the overall accuracy of tenderness classification for predicting trained sensory panel tenderness ratings at 14 d postmortem, carcasses that were classified as "Tender" or "Intermediate" at 3 d postmortem and that were rated "Slightly Tender" or higher by the trained sensory panel at 14 d postmortem were considered accurately classified. Also, carcasses that were classified as "Tough" at 3 d postmortem and that were rated less than "Slightly Tender" by the trained sensory panel at 14 d postmortem were considered accurately classified. In each case, overall accuracy was calculated as the total number of accurate predictions divided by the total number of carcasses tested.
Linear regression was used to determine the percentage of the total variation in Warner-Bratzler shear force and trained sensory panel ratings accounted for by slice shear force value at 3 d postmortem and marbling score singularly and combined.
Results and Discussion
Experiment 1: Repeatability of Slice Shear Force
Slice shear force was highly repeatable (Figure 1 ). In fact, the repeatability of slice shear force (.89) exceeded repeatability estimates (.53 to .86) that we have reported for longissimus Warner-Bratzler shear force (Wheeler et al., 1996 . The higher repeatability of slice shear force may be due to improved consistency of cooking associated with the belt grill as compared with open-hearth electric broilers (Wheeler et al., 1998a) , improved sampling 
Experiment 2: Evaluation of the Tenderness Classification System
Although the carcasses sampled for this experiment represented a substantial range in yield grade factors and marbling score, all carcasses were A-maturity (Table 1) . For the present experiment, 47, 48, and 5% of the carcasses were classified as "Tender," "Intermediate," and "Tough," respectively. The relative frequency of the various tenderness classes should be considered when interpreting the results of the present experiment. However, these frequencies may not be representative of national averages because this experiment was limited to carcasses from one packing plant. It is highly likely that these percentages will vary among and within packing plants due to differences in carcass handling practices, cattle types, and management regimens. Whereas 0, 3, and 6% of top loin, ribeye, and rib steaks were found to have sensory panel tenderness ratings less than slightly tender in the National Beef Tenderness Survey (Morgan et al., 1991) , 8% of ribeye steaks were found to have sensory panel tenderness ratings less than slightly tender at 14 d postmortem in the present experiment.
Although the present data set contained a low percentage of "Tough" samples, slice shear force at 3 d postmortem was strongly correlated with WarnerBratzler shear force ( r = .84; P < .001; Figure 2 ) and trained sensory panel tenderness rating ( r = −.81; P < .001; Figure 3 ) at 14 d postmortem. The effects of tenderness class on the simple statistics of WarnerBratzler shear force and trained sensory panel ratings are shown in Table 2 . Tenderness class affected ( P < .001) mean Warner-Bratzler shear force and trained sensory panel ratings for tenderness, ease of fragmentation, amount of connective tissue, and juiciness. Moreover, the SD of Warner-Bratzler shear force and trained sensory panel ratings for tenderness, ease of fragmentation, and amount of connective tissue was smaller for "Tender" than for "Intermediate," which, in turn, was less variable than "Tough." Tenderness class did not affect beef flavor intensity or off-flavor scores. For 94.4% of the samples evaluated at 3 d postmortem, tenderness classification accurately predicted whether the trained sensory panel would rate the sample as "Slightly Tender" or higher at 14 d postmortem (Figure 3) . All of the samples in the "Tender" class were rated "Slightly Tender" or higher, most (91%) of the samples in the "Intermediate" class were rated "Slightly Tender" or higher, and few (28%) of the samples in the "Tough" class were rated "Slightly Tender" or higher by the trained sensory panel at 14 d postmortem. Although the degree of tenderness difference between "Tender" and "Intermediate" steaks was small relative to the level of tenderness difference between "Intermediate" and "Tough" steaks, it is likely "Tender" steaks would result in greater consumer satisfaction (Boleman et al., 1997) , particularly for those consumers who prefer their steaks well done (Wheeler et al., 1999a) . Thus, there may be potential to market "Tender" steaks as a premium product line in much the same manner as "Prime" steaks are currently marketed.
Linear regression was used to determine the percentage of the total variation in Warner-Bratzler shear force and trained sensory panel ratings accounted for by slice shear force value at 3 d postmortem and marbling score singularly and combined (Table 3) . Slice shear force value at 3 d postmortem accounted for a much higher proportion of the variation in Warner-Bratzler shear force and trained sensory panel tenderness, ease of fragmentation, amount of connective tissue, and juiciness ratings than did marbling score. Marbling score accounted for a higher proportion of the variation in trained sensory panel beef flavor intensity ratings than did slice shear force value at 3 d postmortem. Within a given tenderness class, marbling score subcells did not differ ( P > .05) in tenderness or juiciness; however, within "Tender" and "Intermediate," beef flavor intensity ratings increased with marbling score (Table 4 ). In a companion paper (Wheeler et al., 1999b) , we compared the sensory characteristics of well-done (80°C ) rib steaks from "Tender" carcasses differing in marbling level (Low Slight vs Modest/Moderate) and found that, under those conditions, juiciness and beef flavor intensity ratings increased ( P < .05) with increased levels of marbling.
This report documents a rapid, simple method for measuring longissimus shear force that allowed for accurate classification of carcasses into three classes that differed in longissimus tenderness. Processing plants that process fewer than 100 carcasses per hour probably could conduct tenderness classification manually in much the same manner as described in Table 2 . Effect of tenderness class on simple statistics of Warner-Bratzler shear force and trained sensory panel ratings a N = 225, 233, and 25 for Tender, Intermediate, and Tough, respectively. Please note that the SEM is influenced by both the number of observations and the degree of variation in each tenderness class. b 1 = extremely tough, extremely difficult, abundant, extremely dry, or extremely bland and 8 = extremely tender, extremely easy, none, extremely juicy, or extremely intense. c 1 = intense and 4 = none.
x,y,z Means within a trait that do not share a common superscript differ ( P < .05). the present experiments. However, large-scale beef processors would likely require a fully automated version of this system. We have evaluated tenderness classification based on segregation of carcasses into three groups. These three tenderness groups are similar to the three tenderness groups that Boleman et al. (1997) used to evaluate the value of tenderness to consumers. They reported that consumers can distinguish tenderness differences between longissimus steaks with WarnerBratzler shear values of 3.0 vs 4.7 kg and 4.7 vs 6.4 kg. Correspondingly, consumer ratings for overall satisfaction differed among each successive shear force category in their study. Thus, the three tenderness classes created in the present experiment seem to represent meaningful differences in tenderness and satisfaction to consumers. However, it is not known how many different tenderness classes should be used to maximize carcass value and consumer satisfaction or where the lines should be drawn to segregate the classes most effectively. Consumers in the United States tend to cook beef steaks to an advanced degree of doneness (NLSMB, 1995) , which may be detrimental to tenderness. Thus, the degree of tenderness associated with the "Tender" class might be required to satisfy some consumers, whereas others might be satisfied with the degree of tenderness associated with the "Intermediate" category.
Because longissimus constitutes a higher proportion of total carcass value than any other muscle and there is more carcass-to-carcass tenderness variation in longissimus than any other major beef muscle (Shack- , 1995, 1997a) , the need for tenderness classification is greatest for longissimus. Clearly, it would be desirable if longissimus tenderness could be predicted by evaluating a lower-value muscle. However, the relationship between longissimus tenderness and the tenderness of other muscles has been reported to be weak to moderate (Knutson et al., 1966; Slanger et al., 1985; Shackelford et al., 1995) . Thus, a direct evaluation of longissimus seems to be needed to accurately characterize longissimus tenderness.
The effect of tenderness classification on customer satisfaction will likely be greater for cuts that contain the longissimus than for other cuts. Even if there were no effect of tenderness classification on the palatability of other muscles of the carcass, tenderness classification is warranted because the longissimus represents about 20% of carcass value, and consumers are willing to pay a premium for consistently tender beef (Boleman et al., 1997) . Further research is needed to test the feasibility and accuracy of this system under a variety of commercial processing conditions.
Implications
Tenderness classification will allow packers and processors to accurately classify beef carcasses for longissimus tenderness. This system should allow identification and marketing of a portion of the beef supply with consistently tender longissimus cuts. In turn, marketing of a more consistent product should increase consumer satisfaction with beef. Use of tenderness classification data in a value-based marketing system should result in clearer economic signals throughout the beef production chain.
